In the field of stochastic dynamics of marine structures, environmental conditions play a vital role. Considering wind and waves as random processes, determining the environmental parameters which correspond to an annual exceedance probability for a certain structural concept is of vital importance for the respective assessment of the loads and their effects. The accuracy in predicting the conditions, especially those corresponding to the sea, is of a great relevance when a probabilistic design is performed in order to ensure the structural integrity of an offshore wind turbine. In particular, models are not always completely perfect and accurate data is not always available. The Environmental Contour Method (ECM), which is based on the IFORM methodology, is one of the most popular methods in the offshore industry when determining the environmental conditions, for a given annual exceedance probability, is required. The ECM allows analysing proper sea states for operational and extreme conditions with lower computational efforts than the most accurate method (Full Long-Term Analysis). In the present study, effects of progressive variations (uncertainties) of the sea states parameters (i.e. significant wave height, spectral peak period) on the dynamic response of a Monopile Wind Turbine (NREL 5MW) are analysed. Two operative conditions are considered: rated wind and cut-out wind speed. In each case, the 50-year environmental contour (EC) is plotted for a site located in the North Sea. Some sea states are selected from the EC (base cases) and then derived cases with percentage variations are generated. All the cases are simulated in FAST (NREL) and the standard deviations of the time series are compared with its respective values of base cases. The results for the dynamic responses at mudline (e.g. overturning moments and shear forces) are presented as the most important parameters governing the design of the monopile. In this analysis, the wave height shows more influence on the response variation percentage than the peak period. This work shows the importance of accurately setting up the input parameters and their impact on the calculation of the dynamic responses.
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INTRODUCTION
For stochastic processes, the propagation of uncertainty is an important matter when getting a high confidence in the outputs predicted by models is required. The stochastic approach of dynamic analysis of structures is not indifferent to this issue. One popular tool for quantifying the impact of uncertainties is the sensitivity analysis.
The sensitivity analysis is a useful tool which seeks to explain how the uncertainty in the output of a model can be apportioned to sources of uncertainty in the input parameters of the model. The main purpose of the analysis is to comprehend the model and understand how uncertainty is propagated through it. Under this analysis, it is possible to address some important aspects e.g. which factors contribute most/less/nothing to the output uncertainty? How the output variance can be reduced to a desired level? [1] . There are basically two main approaches to perform a sensitivity analysis: the global approach and the local approach, whereas the first is focused in analyse the sensitivity in all the input variable domain, the second one emphasizes in analyse the sensitivity around a specific optimal point. The last approach requires that a good "baseline" or "nominal point" is set with high accuracy. Both approaches involve many different methods, each one useful for a specific context e.g. OAT, Sobol method, Elementary Effects, etc [2] . Investigations in the field of wind energy related to sensitivity analysis have been done by Rinker et al. [3] , Karimirad et al. [4] , Horn et al. [5] and Robertson et al. [6] , just to mention the most recent. Each work focused in different aspects of wind turbines to find out the influence of input parameters in the interested outputs.
This work is structured as follows: first, a brief presentation of the environmental contour method and main details of the NREL 5 MW Monopile Wind Turbine are presented. Then, the methodology used for the sensitivity analysis is described. Subsequently, the numerical analysis performed is presented. The results are analysed and discussed in a later section. Finally, the corresponding conclusions and future work are summarized.
THE ENVIRONMENTAL CONTOUR METHOD
The environmental contour method (ECM) is based in the IFORM approach (Inverse First Reliability Method). Under this procedure a sphere in a non-physical standardized normal space (U-space) can be generated for a given annual exceedance probability q or desired return period N. The radius of this sphere can be calculated with Eq. (1) as:
Where m d is the expected number of d-hour sea states per year and Φ -1 denotes the operator of the inverse standard normal distribution. With the radius as known value, the three non-physical variables (U) can be determined using Eq. (2):
These non-physical variables are linked to the physical parameters through the Rosenblatt Transformation, Eqs. (3)-
:
F denotes the cumulative distribution function of the respective environmental parameters. With all the combinations of environmental parameters which satisfies Eqs. (3)- (5), it is possible to generate a contour surface (ECS) or contour line (ECL) which represents all the combinations of environmental conditions corresponding to the desired annual exceedance probability [7] .
When a long-term extreme prediction is required, the ECM considers short-term simulations and the corresponding short-term extreme distribution in order to find the environmental condition with the largest value among all short-term extremes. The ECM initially considers on its analysis that the value of the short-term extreme distribution is the median (p-fractile of 50%) but, this is not totally accurate. In order to bypass this inaccuracy, it is needed to use an empirical higher fractile to correct the predicted longterm value e.g. 90% is a usual p-fractile value.
Recent studies has shown that a modified version of the traditional ECM is required for offshore wind turbines (OWT) as the responses are not monotonically related to the main environmental parameters e.g. for wind speeds higher than cut-out wind speed, OWT remains parked to reduce loads. In this case, it is necessary to find an equivalent return period (N) to bypass the occurrence of change in the operational mode of the OWT. An iterative process, where inner contours are tested, is required to find this equivalent return period. After this process, the largest value of all the short-term extremes for all the environmental conditions on all the inner contours is then considered for the long-term response prediction [8] .
The present work is not mainly focused on the sensitivity in the long-term extreme predicted responses, but rather on the impact in the short-term responses when uncertainties in the input parameters are introduced. Therefore, at this stage, the traditional ECM is considered suitable for the analysis. In further research, the use of the Modified ECM will be mandatory if the operational conditions need to be really reflected in the sensitivity analysis. Especially, for the cases where long-term extreme responses are the main focus.
THE NREL 5MW WIND TURBINE
For this analysis, the 5 MW NREL Wind Turbine supported by a monopile will be used [9] . This configuration has been widely studied and also has been validated with results from the OC3 project to verify the simulation capabilities of FAST [10] . The main dimensions of the wind turbine are presented in Fig. 1 , as well as, the main characteristics are summarized in Table 1 . 
SENSITIVITY ANALYSIS
The methodology used in this work is known as OAT (Oneat-a-time) method which is a local approach. The term 'local' refers to the fact that all the derived cases are taken with respect to a single point, also known as the baseline. The characteristic of the baseline point is that it is a safe starting point where the model properties are well known.
Then, specific percentage variations (δ, e) for the sea states calculated by the ECM are considered. The cases considered in this work can be observed in Fig. 2 . The baseline (star) is taken directly from the ECL (base case) and the sensitivity to: variation of wave height (triangles), variation of spectral peak period (circles), and the case when the same variation for Hs and Tp is applied (squares) are calculated according to Eqs. (6)- (7). The values Hs* and Tp* are the wave height and peak period considered for the derived cases.
With all the combinations of the inputs parameters (Uw, Hs, Tp), several coupled simulations are run in FAST. Then, the standard deviations (STD) are calculated from the resulting simulated dynamic responses. Finally, the values are used to find a sensitivity index (S) as indicated by Eq. (8). This indicator helps us to better reflect and quantify the sensitivity (uncertainty propagation) in the short-term response (simulated response) when an uncertainty in the sea state parameters is introduced, which is the main purpose of this work. In a further study, the impact of these uncertainties in a predicted long-term response and, in an ULS analysis can be assessed. However, this analysis is out of the scope of this work and, it will be definitely addressed in a future research.
In Eq. (8), and are the standard deviation of the resulting time serie of the response X, considering the environmental parameters from the baseline case and derived case, respectively. S(Case) represents the sensitivity of the response X to the variations in the environmental parameters for a specific case. All the baseline cases correspond to one of the ten points selected in the ECL. The nomenclature used in the numerical analysis is:  S(Hs): Sensitivity index for the case when the variation is applied only to the wave height (triangles).  S(Tp): Sensitivity index for the case when the variation is applied only to the peak period (circles).  S(HsTp): Sensitivity index for the case when the same variation is applied to the wave height and peak period (squares).
NUMERICAL ANALYSIS
The site selected for the analysis is the one presented by Li et al. [11] labelled as "Site 15". This site is located in the North Sea Center, see Fig. 3 . The models considered for representing the environmental stochastic processes are summarized in Table 2 . The respective parameters for the probability distributions can be found in the previously mentioned study. As a reference, the 50-year return extreme parameters for this locations are U 10 =27.20 m/s, H S =8.66 m and T P =6.93 s. In this analysis, two operational mean wind speeds at hub height are considered, the rated and the cut-out wind speed. In order to use the marginal distribution of the mean wind speed, it is necessary to transform these wind speeds to a height of 10 m above the mean sea level. This task can be done by considering the wind profile power law, Eq. (9). 
The wind shear power exponent (α) is taken as 0.14 according to the IEC-61400 [12] . Therefore, the mean wind speeds to be used in the marginal and conditional distributions for the environmental contour method (ECM) are presented in Table 3 . For each operational wind speed, an ECL is generated. Ten sea states are selected in each ECL (Base Case), see Fig. 4 and 5. These points have been selected according to the following criteria: i) trying to have the points equally distributed along the ECL and, ii) choosing important points e.g. point with the highest/lowest Hs, the highest/lowest Tp. The corresponding sea states selected from the ECLs are summarized in Table 4 and, the values of the respective exceedance probabilities (Q) are presented in Table 5 , as well as the value of the joint probability. The data presented in Table 4 is taken as baseline input data for the FAST model. The wind field is generated in TurbSim [13] considering the mean wind speed at the hub and, the wind profile power law. Main details of the configurations considered for the simulation of wind and wave conditions are presented in Tables 6-8. Regarding Table 8 , the Morison Coefficients (C d , C a and, C p ) are very important to determine with a proper accuracy the dynamic responses. According to [14] the usual parameter ranges for fixed structures are: 1.5≤ C P + C a ≤ 2 and, 0.6≤ Cd≤ 1.2. The pressure coefficient (C P ), also known as the Froude-Krilov coefficient, can be usually considered 1 for slender circular cylinder. Therefore, the values taken for this work will be the mean of the range (Cd=0.9, Ca=0.75, Cp=1). 6 ). On the other hand, the parameter Ca has a major effect in the dynamic responses and makes the STD to change over a range of ±15% for the shear force and ±3% for the bending moment (Fig. 7) . As it can be found in the literature, the Morison parameters depend on Reynolds number, Keulegan-Carpenter number and the relative roughness but, for this analysis, the mean values could serve as a good start.
RESULTS
Prior to process and analyse the results obtained from coupled simulations in FAST, it is necessary to consider the context and nature of the responses in order to identify the most representatives for the purposes of this work.
The first aspect to consider is that, any tridimensional structural system has six degrees of freedom. However, in this study, the corresponding dynamic responses related to the vertical axis (z-axis) are ignored because the monopile model is considered fixed at the seabed (no displacement) and the rotational effect in that axis is considered almost constant for all the cases. The second aspect is related to the side-to-side direction (y-axis). As we are considering a heading angle of 0° for wind and wave, the dynamic responses in y-axis will be mostly a result of the gust component. The value of that perturbation is smaller compared with the full wind field in the fore-aft direction (xaxis). Therefore, analyse the responses associated with that direction will not give useful information in this case. Finally, there are many critical points in the monopile wind turbine that are usually regarded by designers and researchers (blade root, top of tower, transition piece, etc). However, for the purposes of this work, it is necessary to identify the point which better reflects the combined action of wind and wave. The point of interest in this work is where the seabed joints with the monopile, which is also known as mudline (ML). In summary, attending the reasons exposed above, only the results for the fore-aft shear force (F x ) and fore-aft bending moment (M y ) at mudline are presented in the following sections. Fig.8 shows the time series My response for rated wind speed and sea state 8, as example. In all cases, the first 60 seconds of simulation, the transient part, are ignored in order to have more realistic sensitivity indexes. The effect of the change in the sea states parameters can be more evident in a spectrum plot. Figs. 9-10 show the spectrum of Fx for Uw=25 m/s and sea state 6 as examples. These spectrums have been calculated with the WAFO tool [15] . Fig. 9 shows the spectrum for the baseline and derived cases where the Tp has not suffer any variation. In this case, an upward displacement in the peak value can be noticed as long as the Hs increases and, the peak frequency remains the same for all the cases. On the other hand, Fig. 10 shows the spectrum for the cases in which the Hs does not suffer any change with respect to its baseline case. As expected, a decrement in the peak frequency can be observed as long as the Tp increases.
Figures 11-14 show some exemplary cases where the relation between the sensitivity indexes and the percentage variations in a specific environmental condition can be observed. It is noticed a very clear linear relationship between S(Hs) and its percentage variation (triangles) whereas the relation between S(Tp) and S(HsTp) to their respective percentage variations, could be well represented by a nonlinear function of second degree (circles and squares, respectively). Therefore, the sensitivity indexes can be modelled as Eqs. (10)- (12) ( ) = * ( ) (10)
Where δ and e are the variations expressed in percentages. S(Hs), S(Tp) and S(HsTp) are the sensitivity indexes and, the coefficients A, B 1 , B 2 , C 1 , C 2 can be found with a regression analysis using the least squares method. The goodness of the fitting values can be measured by the coefficient of determination (r 2 ). Tables 9 and 10 summarize the values of the r 2 coefficients for each environmental condition and each sensitivity index. The coefficients are coloured according to the goodness of fitting, green for the best relationships and red for the worst cases. Table 9 is referred to the fore-aft shear force at mudline (Fx) whereas Table 10 is for the fore-aft bending moment at mudline (My). In both cases, the coefficients are grouped by the mean wind speed considered in the simulation. In general, the r 2 coefficients show that the sensitivity coefficients fit well to the linear and quadratic models. Only few cases have an r 2 lesser than 98% with a minimum of 91.17%. In order to develop a model which could predict any sensitivity coefficient in the corresponding ECL, it is necessary to use a polynomial regression model which could be able to represents all the sensitivity coefficients as a function of the wave height and peak period for any sea state.
In our case, for a polynomial interpolation, it is necessary to define two vectors which reflect the degree of the polynomial model, Eqs. (13)- (14) . The fitting polynomial is represented by a matrix (P) which contains its coefficients, according to Eq. (15), and through a matrix multiplication, Eq. (16) any specific sensitivity coefficient (SCF) can be obtained. Additionally, there is also possible to use the expanded formula for this polynomial, Eq. (17). 
A third degree has been considered necessary because the relation between the wave height and spectral peak period is a non-injective function and shows a nonlinear behaviour (See Fig. 4 and 5) . However, we will see in the next paragraphs that in some cases there could be some terms that can be neglected as their contribution to the sensitivity index calculation is very low. The fitted p-coefficients, Eq. (15), are summarized in Table 11 (Fore-Aft Shear Force -Fx) and 12 (Bending Moment at mudline -My). As two operational wind speeds, two dynamic responses, and five sensitivity coefficients have been considered then, there are 20 SCF to predict. Each specific coefficient can be identified by the index 'k' where ∈ {1,2,3, … ,20}. In both cases, they are referred to their specific operational wind speed, and are presented with their respective r 2 parameter to show the goodness of the fit. In general, the polynomial models show good fitting, only the SCF C 2 for F X and M Y and, C 1 for M Y have a low r 2 value but, they could be still considered to be acceptable as they are over 88%.
These p-coefficients (P-CF) allow us to compare the sensitivity coefficient models. The first thing that can be observed is that, the absolute values of most of the P-CF for the rated wind speed are relatively lesser than the respective values corresponding to the cut-out wind speed. From Tables  11-12 , it is noticed that many P-CF have absolute values near to zero around an order of 10 -2 or even much lesser. The P-CF in the bottom of the , etc.). Therefore, when the multiplication is done, the whole product acquires importance for determining the corresponding sensitivity index. In contrast, low P-CF in the top of the table (p 00 , p 10 , p 01 , p 20 , etc.) mean that their contribution to the sensitivity index could be neglected specially for the independent (p 00 ) and linear terms (p 10 and p 01 ).
From the previously exposed paragraph, for cut-out wind speed all the terms are relevant for the sensitivity indexes as all the P-CF are relatively high. On the other hand for the rated wind speed, there are some low degree terms that are very small and they can be probably set to zero in a new regression analysis considering lesser terms, for example, if we see Table 12 , X=My, Uw=11.4 m/s, k=1, the coefficient p 01 is 4.76E-04 (≈ 0). As a consequence, if the coefficients p 00 (Hs 0 Tp 0 term) and p 01 (Hs 0 Tp term) for F X and M Y at rated wind speeds are analysed, it could be observed that in many cases they have very low values. Therefore, in those cases the terms have low contribution to the SCF and it means that a variation in the base case wave height will impact more in the calculation of the sensitivity coefficients than the peak period. 
CONCLUSIONS AND FUTURE WORK
In the present study, a sensitivity analysis has been performed using the environmental contour method. The main purpose of this work is to investigate the impact in the short-term response (variance propagation) when uncertainty is introduced in the environmental parameters. The traditional ECM is used to select few proper and reasonable sea states for offshore wind application with a 50-yr return period. All the simulations were carried out in the FAST program using the Kaimal and JONSWAP models for wind and wave kinematics, respectively.
The results showed that the relation between the sensitivity indexes of the standard deviations of the responses at mudline can be well represented by functions of the uncertainty of the sea states parameters ( , ). A linear relationship was observed when only a variation in the wave height is made. For the case when the variation is applied only to the spectral peak period, and when the same variation is applied to the combination of wave height and peak period, a quadratic relationship was perceived. A polynomial fitting was select to represent the trend of all the sensitivity coefficients in order to predict the sensitivity ratios for other sea states not simulated. These polynomials facilitate the comparison between different conditions and responses, and also help to determine the polynomial terms with higher influence.
Further research has to focus on adding complexities to this procedure. The inclusion of survival strategies and operational modes in the determination of the environmental contour line can increase the accuracy of the fitted models. This can be done by using the Modified Environmental Contour Method (MECM). In this work, the same random seeds have been used for all the simulations, increasing the number of random seeds could help to improve the accuracy of the results and represent better the stochastic nature of the environmental parameters. Finally, as this work is relying on simulations, implementing a higher degree nonlinear hydrodynamic model in FAST can help to represent with a better accuracy the hydrodynamic forces over the structure, especially when shallow water is considered and, the nonlinearities have considerable influence in the wave kinematics.
